Insects may survive subzero temperatures by two general strategies : Freeze-tolerant insects withstand the formation of internal ice, while freeze-avoiding insects die upon freezing. While it is widely recognized that these represent alternative strategies to survive low temperatures, and mechanistic understanding of the physical and molecular process of cold tolerance are becoming well elucidated, the reasons why one strategy or the other is adopted remain unclear. Freeze avoidance is clearly basal within the arthropod lineages, and it seems that freeze tolerance has evolved convergently at least six times among the insects (in the Blattaria, Orthoptera, Coleoptera, Hymenoptera, Diptera and Lepidoptera). Of the pterygote insect species whose cold-tolerance strategy has been reported in the literature, 29 % (69 of 241 species studied) of those in the Northern Hemisphere, whereas 85 % (11 of 13 species) in the Southern Hemisphere exhibit freeze tolerance. A randomization test indicates that this predominance of freeze tolerance in the Southern Hemisphere is too great to be due to chance, and there is no evidence of a recent publication bias in favour of new reports of freeze-tolerant species. We conclude from this that the specific nature of cold insect habitats in the Southern Hemisphere, which are characterized by oceanic influence and climate variability must lead to strong selection in favour of freeze tolerance in this hemisphere. We envisage two main scenarios where it would prove advantageous for insects to be freeze tolerant. In the first, characteristic of cold continental habitats of the Northern Hemisphere, freeze tolerance allows insects to survive very low temperatures for long periods of time, and to avoid desiccation. These responses tend to be strongly seasonal, and insects in these habitats are only freeze tolerant for the overwintering period. By contrast, in mild and unpredictable environments, characteristic of habitats influenced by the Southern Ocean, freeze tolerance allows insects which habitually have ice nucleators in their guts to survive summer cold snaps, and to take advantage of mild winter periods without the need for extensive seasonal cold hardening. Thus, we conclude that the climates of the two hemispheres have led to the parallel evolution of freeze tolerance for very different reasons, and that this hemispheric difference is symptomatic of many wide-scale disparities in Northern and Southern ecological processes.
I. INTRODUCTION
Insects from temperate, polar, and high-altitude environments must survive the low temperatures they encounter in their habitat, and a large literature has developed regarding this important component of insect life histories (for review see Lee & Denlinger, 1991 ; Sømme, 1999) . Because of the ease of detection of freezing events via the latent heat of crystallization (termed the ' supercooling point ' : see Block, 1991 ; Lee, 1991 , and many papers in the primary literature for definition), cold-tolerance strategies of insects have generally been divided into two major categories. Freeze-tolerant species survive the formation of internal ice, while freeze-avoiding insects die upon freezing, and survive sub-zero temperatures by keeping the body fluids liquid (Sømme, 1999) (although the majority of insects have not adapted to cold conditions, do not survive freezing, and do not survive any but the briefest exposures to sub-zero temperatures ; Bale, 1996) . Despite considerable, ecologically significant, variations in mechanisms and patterns of cold tolerance within each of these categories (Bale, 1996 ; Sinclair, 1999 ; Nedve3 d, 2000) , it is broadly accepted that freeze tolerance and freeze avoidance represent alternative strategies for cold survival (e.g. Convey, 2000 ; Addo-Bediako, Chown & Gaston, 2000) . Thus, insects survive sub-zero temperatures by the use of either one of these strategies (Storey & Storey, 1996 ; Sinclair, 1999) , although several species are known to have switched between them (e.g. Horwath & Duman, 1984 ; Gehrken et al., 1991) .
Despite the large number of reviews of the subject that have been published over the past 20 years (e.g. Block, 1982 Block, , 1991 Zachariassen, 1985 ; Lee & Denlinger, 1991 ; Sømme, 1999 ; Ramløv, 2000 ; Duman, 2001) , and an ever-expanding primary literature, the reasons why one cold-hardiness strategy or the other is adopted by a given species or population remain unclear, particularly in environments and among groups where either may be adopted (Block, 1982 (Block, , 1991 . While several hypotheses have been proposed to explain the taxonomic distribution of the two strategies, mostly to do with the risk of ice nucleation (loosely grouped as ' nucleation hypotheses '), (e.g. Zachariassen, 1985 ; Lee, Costanzo & Mugnano, 1996) , there has been little concerted effort to test them. Moreover, the search for an explanatory underlying pattern in the distribution of freeze tolerance vs. avoidance, either geographically or amongst taxa has largely been set aside. Instead, as techniques have become more sophisticated and accessible, investigations of cold hardiness have become increasingly preoccupied with its physical, physiological, and molecular bases (see Storey & Storey, 1996 ; Ramløv, 2000 ; Zachariassen & Kristiansen, 2000 ; Duman, 2001 , for recent reviews). Thus, although understanding of the mechanistic basis of cold hardiness is developing rapidly, the ultimate origin and significance of variation in this important life-history variable remains unexplained.
Here, we offer a fresh perspective on cold-hardiness strategies. First, we examine the extent to which there are non-random patterns in the taxonomic and geographic distribution of the two major strategies that have been documented for arthropods. We then explore the consequences of our findings for the ' nucleation hypotheses ' and develop a broader, readily testable, explanation for the evolution of these strategies.
II. THE PHYLOGENY OF INSECT COLD-HARDINESS STRATEGIES
The large majority of terrestrial arthropods that have been investigated are freeze avoiding (Block, 1991 ; Sømme, 1999) . In addition, this strategy appears to be phylogentically basal, being widespread within the Arthropoda (Sømme, 1982 (Sømme, , 1995 , and characterizing entire higher taxa among them (Fig. 1 A) . (2001) . " The freeze-tolerant centipede Lithobius forficatus requires external inoculation to survive freezing (Tursman et al., 1994) . # David & Vannier (1997) report that some individuals of one species of millipede survived partial freezing ; we do not consider this to be full freeze tolerance (see Sinclair, 1999 , for rationale). $ The intertidal barnacle Balanus balanoides is freeze tolerant (Crisp, Davenport & Gabbott, 1977) . % Miller (1982) reported that the neuropteran Hemerobius simulans may survive freezing, but in the absence of experimental evidence we have excluded this record.
Thus, all springtails, mites, spiders and ticks are freeze avoiding (Sømme, 1982 ; Cannon & Block, 1988 ; Dorr & Gothe, 2001) . Among the Myriapoda, most millipedes (with the exception of some individuals of the julid Tachypodoiulus niger) are freeze avoiding (David & Vannier, 1997) , as are many centipedes (although Lithobius forficatus survives inoculative freezing ; Tursman, Duman & Knight, 1994) , and the small number of scorpions that have been investigated (see Sømme, 1982 , for a list that does not appear to have been greatly enlarged in the following 20 years). Terrestrial crustaceans are rare in cold environments, but the isopods that have been investigated are also freeze avoiding (Lavy & Verhoef, 1996 ; Lavy et al., 2001) . To our knowledge, there has been no work on cold-tolerance strategies of Amphipoda, Pseudoscorpiones and Opiliones (although the latter are mentioned without supporting data by Edwards, 1986) , nor are any of the smaller (and mostly tropical or sub-tropical) arachnid orders represented in the cold-hardiness literature.
Within the insects, freeze avoidance also appears to predominate, although freeze tolerance has now been documented from many orders ( Fig. 1 B, Table  1 ). Thus, the majority of orders examined to date rely on either one or the other of the strategies, suggesting mutual exclusivity. However, Addo-Bediako et al. (2000) found that 6 of the 10 orders they examined included both strategies, while two orders (Mecoptera, Siphonaptera) included only freeze-avoiding species, and two (Blattodea, Neuroptera) included only freeze-tolerant species ; however, the record for the Neuroptera (Miller, 1982) did not explicitly test freeze tolerance, and we have thus excluded it from the phylogenies presented here. Nonetheless, in terms of absolute numbers of species exhibiting a given strategy, freeze avoidance is dominant (see Block, 1982 ; Sømme, 1982 Sømme, , 1995 Lee, 1991, for comprehensive lists) . Within the insects there is a strong phylogenetic component to the supercooling point (which will influence the ability to survive freezing ; see Sømme, 1982) and lower lethal temperatures (which will limit some groups' abilities to inhabit cold regions), with most variation being explained at the family and generic levels (Addo-Bediako et al., 2000) . However, insufficient data are available to examine the extent to which this applies throughout the insects, or to attempt a similar sort of comparison at the level of each of these strategies. In sum, it appears that freeze avoidance is basal within the arthropods, and that freeze tolerance has evolved many times within different taxa.
The biochemical routes that may have been followed for the evolution of cold hardiness have formed the topic of several recent investigations. There is a close link between mechanisms involved in tolerating cold and those involved in diapause (Pullin, 1996) and desiccation tolerance (Ring & Danks, 1994) . In addition, the basic biochemical mechanisms (accumulation of sugars and\or polyols and thermal hysteresis proteins) are common to both freeze-tolerant and freeze-avoiding strategies (Zachariassen, 1985 ; Block, 1991) , serving different functions in each. Similarly, the accumulation of low-molecular-weight compounds has been implicated in the absorption of atmospheric water by Collembola (Bayley & Holmstrup, 1999) , and in the protection of cells against osmotic damage during extreme dehydration (see Danks, 2000, for discussion), and thermal hysteresis proteins are wellknown from the not-especially cold-hardy (but highly desiccation-tolerant) beetle Tenebrio molitor (Ramsay, 1964 ; Graham et al., 1997 ; Liou et al., 2000 ; but see Patterson & Duman, 1978 , for suggestions that this may in fact be an adaptation to cold). Certain animals with no freezable water are also effectively freeze avoiders. This is undoubtedly the case with the extreme cold tolerance (to liquid helium temperatures) exhibited by anhydrobiotic larvae of the dipteran Polypedilium vanderplankii (Hinton, 1960) ; and is exploited in the cryoprotective desiccation strategy of the Arctic collembolan Onychiurus arcticus, in which polyols function simultaneously as cryo-and anhydro-protectants (Worland, Grubor-Lajsic & Montiel, 1998 ; Holmstrup & Sømme, 1998 ; Holmstrup, Bayley & Ramløv, 2002) .
Clearly, the building blocks for both cold-hardiness strategies are present in extant pathways of insect metabolism, and the biochemical responses may simply represent an upregulation of pathways already extant for protection against desiccation and other stresses (Pullin, 1996) . 
III. THE GEOGRAPHY OF INSECT COLD-HARDINESS STRATEGIES
Although the global distribution of physiological strategies has not been well explored (see Chown, Addo-Bediako & Gaston, 2002, for discussion), two recent studies have suggested that there may be consistent geographic patterns in insect cold hardiness. In their discussion of freeze tolerance of the subAntarctic caterpillar Pringleophaga marioni (Tineidae), Klok & Chown (1997) noted that ' this freezetolerant strategy involving relatively high lower lethal temperatures does not appear to be unusual in Southern Hemisphere insects '. Subsequently, in a broader analysis of the mechanisms underlying the Rapoport effect [briefly, an increase in species' (2000) provided any analysis to substantiate their claims for an asymmetry in species responses to cold, or in the moisture environments, in the two hemispheres. The data used by Addo-Bediako et al. (2000) clearly indicate that of the species for which the coldtolerance strategy has been recorded in the literature, a greater proportion show freeze tolerance in the Southern Hemisphere compared to the Northern Hemisphere (Table 2) . However, there has been considerably greater search effort in the North than in the South (Addo-Bediako et al., 2000 ; Chown et al., 2002) . Thus, the difference in the strategies between the hemispheres may be a consequence of unequal sampling. A bootstrap analysis (see Crowley, 1992) (Fig. 2) indicates that the proportion of freezetolerant species in the Southern Hemisphere is outside the 99 % confidence limits of the distribution of strategies among Northern Hemisphere insects. In consequence, the preponderance of freeze-tolerant species in the Southern Hemisphere is too great to be due to chance. It is possible, however, that the relatively short time over which investigations of cold tolerance in the Southern Hemisphere have taken place (the earliest in our database is Belgica antarctica, reported by Baust & Edwards, 1979) , represents a further source of bias for the strategy that is reported. If this is the case, and there is a bias towards new records of freeze-tolerant insects at the beginning of a period of investigation, then we would expect a similar trend in the Northern Hemisphere. Figure 3 shows that the early investigations of cold tolerance in the Northern Hemisphere were, if anything, biased toward the freeze-avoiding strategy, and therefore there was no initial bias towards detecting freezetolerant species early. Similarly, the lack of a recent upward inflection of the number of freeze-tolerant species reported from the Northern Hemisphere suggests that there has not been a recent publication bias in favour of new reports of freeze-tolerant insects. These results confirm that a greater proportion of cold-hardy insects are freeze tolerant in the Southern Hemisphere than in the Northern Hemisphere. Therefore, there must be stronger selection for freeze tolerance in insects in the former than in the latter hemisphere.
IV. THE RESISTANCE ADVANTAGES OF FREEZE TOLERANCE
While phylogeny might constrain some species to the freeze-avoiding strategy (see above), the existence of freeze tolerance, its occurrence in species from several insect orders, and its preponderance in the Southern Hemisphere mean that there must be some selective advantage to it. Traditionally, cold hardiness has been viewed as a ' resistance adaptation ', i.e. a change in the physiological make-up of a species that allows it to survive what would otherwise be lethal effects of environmental extremes (Cossins & Bowler, 1987) . From this perspective, several major advantages might accrue to freeze-tolerant species over freeze-avoiding ones.
(1) Non-zero risk of freezing during long-term exposure to sub-zero temperatures (nucleation hypothesis I). When insects are supercooled to low subzero temperatures, the probability of freezing is proportional to time (Sømme, 1996) , although this may be stabilised somewhat using thermal hysteresis proteins (Zachariassen & Husby, 1982) . By surviving being frozen, an insect negates this risk of mortality. This is a special problem for Collembola (which are phylogenetically constrained to freeze avoidance, see above), and has been solved in Onychiurus arcticus (Onychiuridae) by a strategy of cryoprotective dehydration (Worland et al., 1998 ; Holmstrup & Sømme, 1998) .
(2) Short-term non-zero risk of inoculative freezing (nucleation hypothesis II). Insects overwintering in very moist environments are exposed to the constant risk of inoculative freezing from ice crystals in the environment passing through the cuticle or into orifices (Salt, 1963 ; Olsen et al., 1998 ; Zachariassen & Kristiansen, 2000) . The risk of freezing is negated if the insect survives freezing, and indeed, many species only survive freezing if ice formation is induced via external inoculation (Lee et al., 1996) . Thus, most insects overwintering in aquatic or semi-aquatic habitats (that actually survive the winter : see Frisbie & Lee, 1997, for unexpectedly high mortality) appear to be freeze tolerant (see Oswood, Miller & Irons, 1991 , for review), as are some which overwinter in moist soil (e.g. Hoshikawa et al., 1988 ; Gehrken et al., 1991) .
(3) Vapour pressure equilibrium (desiccationavoidance hypothesis). Insects that overwinter in the supercooled state at sub-zero temperatures are inevitably in vapour-pressure deficit compared to the air (Lundheim & Zachariassen, 1993 ; Danks, 2000) . Ring & Danks (1994) list a number of examples of supercooled insects which dehydrate during winter, and the Arctic collembolan Onychiurus arcticus takes advantage of this disequilibrium to avoid freezing (see above and Worland et al., 1998 ; Holmstrup & Sømme, 1998) . Frozen insects, however, which are in vapour-pressure equilibrium with ice at any given temperature (Zachariassen, 1991 ; Lundheim & Zachariassen, 1993) , will not lose water to the frozen environment (see Irwin & Lee, 2002 , for a demonstration of this in Eurosta solidaginis). Thus, freeze tolerance is advantageous as a water-conservation strategy for insects that overwinter in habitats where a significant water-vapour deficit will be encountered.
(4) Tolerance of extremely low temperatures (extreme survival hypothesis). Sub-Arctic continental environments can experience extremely low temperatures, which may be below k60 mC (Sømme, 1995 : p. 10) . At these temperatures, the risk of homogeneous ice nucleation is extremely high, and although some species can supercool to these temperatures (e.g. Miller & Werner, 1987) , many more species are able to survive temperatures below k50 mC by utilizing a freeze-tolerant strategy (e.g. Worland, Block & Grubor-Lajsic, 2000 a, and examples in Block, 1982) . It is this observation that may have given rise to widely held perceptions of freeze tolerant insects as ' the most cold hardy species … found mainly in parts of the world with the harshest winter climate ' (Bale, 1996) .
(5) Reduction of metabolic rate (energy conservation hypothesis). Metabolism continues at subzero temperatures, and non-feeding overwintering insects therefore consume stored energy during the winter (Storey & Storey, 1988) . Irwin & Lee (2002) showed that metabolic rate is lower in frozen compared to supercooled Eurosta solidaginis at the same sub-zero temperature, and advanced the hypothesis that freeze tolerance may be a means of reducing energy consumption during winter. According to this hypothesis, freeze tolerance would be particularly advantageous in habitats where stable, low temperatures, and mild winter temperatures, and consequent depletion of reserves have been shown to reduce survival and fecundity in E. solidaginis (Irwin & Lee, 2000) .
Ice nucleation is a critical factor in the evolution of freeze tolerance. In the first instance, ice nucleation and subsequent freezing pose a risk to an insect (or other animal) in a supercooled state. This may result from external ice (inoculative freezing, e.g. Kos) ta! l & Havelka, 2000), which is particularly common in moist and semi-aquatic habitats, or ice nucleators present in the gut (e.g. Worland, Sinclair & Wharton, 1997). Inoculative freezing and gut nucleators are thus external variables which freezeavoiding insects must avoid either by habitat selection (see Danks, 1991 ; Leather, Walters & Bale, 1993 , for discussions of hibernacula), by clearing the gut (Worland, Convey & Lukesova! , 2000 b ; but see also Baust and Rojas, 1985) , or by alteration of cuticular properties (Olsen et al., 1998) . However, this might not always be possible, especially under moist conditions, or conditions of extreme cold for prolonged periods (Lee et al., 1996) . Therefore, if an insect is able to control the location of freezing within its body compartments, and the rate at which this takes place, it can benefit from the advantages of being in a frozen state. Here too, ice nucleation is critical, but in this case endogenous ice nucleators (usually proteins in the haemolymph) are probably a specific adaptation to freeze tolerance (Zachariassen & Hammel, 1976 ; Zachariassen & Kristiansen, 2000 ; Duman, 2001 ; but see Sinclair, Worland & Wharton, 1999, for an exception), although gut nucleators still play an important role (Worland et al., 1997) .
Under extreme Arctic conditions, characterized by long periods of often very low, sub-zero temperatures, the physical and metabolic advantages of freeze tolerance to insects are therefore self-evident. In consequence, freeze tolerance has largely been considered an uncommon strategy, essential only for surviving the most extreme environments of the Arctic, and largely absent from less extreme environments (e.g. Downes, 1962 Downes, , 1965 Bale, 1996) . However, from the previous section it is clear that freeze tolerance is relatively more common in the substantially milder environment of the Southern Hemisphere (with the exception of continental Antarctica where mites and springtails dominate, and are phylogentically constrained to freeze avoidance ; Gressitt, 1967 ; Cannon & Block, 1988) . Therefore, the evolution of freeze tolerance in the Southern Hemisphere must have been a consequence of advantages other than extreme low temperature tolerance accruing to species using this strategy. To determine what these advantages are likely to be it is first necessary to compare the climates of the higher latitudes of the Northern and Southern Hemispheres.
V. SOUTH vs. NORTH
Excluding the tropics, and the continental Antarctic region (which has no pterygote insects), the Southern Hemisphere differs from the Northern Hemisphere by virtue of the dissimilar land-water balances in the colder regions of the two hemispheres (Fig. 4) . This oceanic influence is particularly evident on the narrow continental peninsulas, and islands in the Southern Ocean, where it serves to reduce the amplitude of annual temperature fluctuations. Thus, there is reduced seasonality, higher absolute minimum temperatures, and much shorter periods of subzero temperatures in the high Southern than in the high Northern Hemisphere (Fig. 5 ; Walton, 1984 ; Convey, 1996 ; Vernon, Vannier & Trehen, 1998 ; Danks, 1999 ; Addo-Bediako et al., 2000) . Furthermore, interannual variability in the Southern Hemisphere is greater than that in the North, owing to the substantial influence of the El Nin4 o Southern Oscillation (ENSO) on climates of the former (Hobbs, Lindesay & Bridgman, 1998 ; Harangozo, 2000 ; Holmgren et al., 2001 ; Jaksic, 2001) . The generally milder mean temperatures, variability associated with ENSO, and the general oceanic influence also mean that in the Southern Hemisphere there is substantial within-season unpredictability (e.g. Blake, 1996 ; Convey, 1996 ; Ramløv, 1999 ; Sinclair, 2001 b) . In general, Southern Hemisphere temperate and high-latitude environments are thus milder and less predictable than environments at similar latitudes in the Northern Hemisphere. Above-zero temperatures (and consequently the availability of liquid water in Antarctica and during winter ; see Kennedy, 1993 ; Sinclair, 2000) suitable for animal and plant growth and development may occur at any time of year (Davey, Pickup & Block, 1992 ; Convey, 2000) , and are likely to be unpredictably distributed.
Thus, to live in most cold habitats in the Southern Hemisphere requires not so much the prolonged survival of extremely low temperatures as the ability to survive unpredictable cold snaps at any time of year and to take advantage of mild winters.
VI. THE ' CAPACITY ' ADVANTAGES OF FREEZE TOLERANCE
The only current hypothesis to explain an hemispheric difference in the distribution of cold-tolerance strategies is the ' resistance ' explanation of Klok & Chown (1997) , who suggested that the high moisture content of Southern Hemisphere habitats promotes freeze tolerance through inoculative freezing (see also Addo-Bediako et al., 2000) . In effect, this is a restatement of nucleation hypothesis II. Undoubtedly, external inoculation is important in certain habitats, particularly for semi-aquatic species (see Moore & Lee, 1991) , and for those that dwell in moist soil, such as the maritime Antarctic chironomid midge, Belgica antarctica (Baust & Edwards, 1979) . Although land areas in the Southern Hemisphere receive marginally more precipitation than their northern counterparts (M. Hulme, Tyndall Centre for Climate Change Research, University of East Anglia, personal communication), comparative data for differences in water content of soils and other habitats are not readily available, making Klok & Chown's (1997) hypothesis difficult to test. Moreover, on New Zealand's Rock and Pillar Range, one of the few Southern Hemisphere habitats that has been explored, the three freeze-tolerant species present are not associated with moist microhabitats (Ramløv, Bedford & Leader, 1992 ; Sinclair, 1997 Sinclair, , 2001 Sinclair, Lord & Thompson, 2001) .
Temperature variability of the Southern Hemisphere, however, is well established (see above). Thus, in the Southern Hemisphere, while the survival of low, but not extremely low, temperatures is obviously important, it is the unpredictability and variability of these temperatures that is most significant. The requirement for survival of summer cold snaps and the ability to take advantage of mild winters also preclude the highly seasonal changes in cold tolerance seen in most Northern Hemisphere species (Zachariassen, 1985) in favour of more flexible strategies. In consequence, freeze tolerance in Southern Hemisphere species might well be considered a capacity adaptation, or a change which modifies the physiological performance of an individual over the normal range of temperatures (see Cossins & Bowler, 1987) . This modification has two major advantages : the survival of summer cold snaps and the ability to take advantage of mild winters.
(1) Survival of summer cold snaps
Summer is the main period of feeding, growth and reproduction for most temperate, sub-polar and polar insects (e.g. Barendse & Chown, 2001 ). These summer activities may be incompatible with the physiological states associated with seasonal cold tolerance, particularly when the latter involves specific hibernacula, starvation or very high cryoprotectant levels. Thus, the majority of insects are likely to experience cold snaps in a non-cold-hardy state, with food present in the gut that provides a source of ice nucleation. For many species, and especially those that are freeze avoiding, such conditions are likely to represent a major source of mortality, and indeed unseasonal cold has been reported as a cause of death for insects that are otherwise cold hardy (Coulson et al., 1995) . Rapid cold hardening (Lee, Chen & Denlinger, 1987) notwithstanding, there is insufficient time for such insects to clear their guts and undergo the biochemical changes associated with the long-term acclimatisation for winter conditions (which is a process that may take days or weeks, although the actual time-scales are rarely investigated ; see Baust, 1983 ; Storey, 1997) . By contrast, a species that exhibits some freeze tolerance throughout the year could survive an unexpected freezing event without seasonal cold hardening, and with food in the gut, especially if it was of a relatively short duration and temperatures did not cross lethal thresholds. Microhabitat temperatures from Signy and Marion islands, and from the Rock and Pillar Range, show that temperature fluctuations are indeed short-lived, and that the absolute temperatures are reasonably high (Davey et al., 1992 ; Blake, 1996 ; Sinclair, 2001 b, respectively) . Such a response would mean that freeze tolerance should differ substantially between species from Northern Hemisphere environments where long-term survival of very cold conditions is important, and Southern Hemisphere environments where short-term survival of relatively high (but unpredicted) sub-zero temperatures is most critical. Indeed, Sinclair (1999) subdivided the majority of freeze-tolerant insects into ' moderately ' and ' strongly ' freeze tolerant on the basis of their lower lethal temperatures (LLT), which appear to respond strongly to selection (Chown, 2001) . If these two groups are distinguished using a cut-off of k15 mC, which seems reasonable given the data presented by Sinclair (1999) and by Addo-Bediako et al. (2000) , then all freeze-tolerant Southern Hemisphere species in Sinclair's (1999) study (and at least one freezetolerant species since described from Marion Island ; Klok & Chown, 2001 ) fit into the ' moderate ' category (Sinclair, 1999) . Of the Northern Hemisphere species included in this analysis, 22 of 35 freeze-tolerant species are in the ' strongly ' freezetolerant category. The large majority of the ' moderately ' freeze-tolerant Northern Hemisphere species are from potentially variable habitats including Japan (10 species), which is consistent with our prediction that this category of freeze tolerance is related to mild but variable habitats.
(2) Taking advantage of mild winters
Climatic variability in the Southern Hemisphere leads to unpredictable winter temperatures, particularly associated with El Nin4 o events (Harrison & Larkin, 1998 ; a more specific example is given by Sinclair, 2001 b) . This variability does not only represent a constraint to species, in the sense that unseasonable cold has to be tolerated. It could also present opportunities, given that thaws during winter will allow for growth and development, and presumably, if these thaws were sufficiently long, for reproduction too. However, this means that species must be able to make a rapid transition from a ' cold hardy ' to an active state, and survive the rapid onset of cold when the thaw ends. Again, this seems unlikely in species that must undergo a substantial biochemical transition from an inactive (cold-hardy) to an active (non-cold-hardy) state, as do the majority of cold-hardy, Northern Hemisphere species (see Zachariassen, 1985 ; Lee, 1991 ; Sømme, 1999, for examples) . Indeed, when such winter thaws do take place in the Northern Hemisphere, they lead to severe energy reserve depletion and eventual mortality (see Irwin & Lee, 2000 , for examples involving the goldenrod gall fly Eurosta solidaginis).
In moderately freeze-tolerant Southern Hemisphere species, the presence of food in the gut does not present a mortality risk from ice nucleation, and thus repeated freeze-thaw events could be survived (see Klok & Chown, 1997 ; Bale, Worland & Block, 2001) . Moreover, there appear to be very few winterdormant or diapausing species (Dumbleton, 1967 ; Delettre & Cancela da Fonseca, 1979 ; Crafford, Scholtz & Chown, 1986 ; Davies, 1987 ; Chown, 1994 ; Sømme, 1995 ; Danks, 1999 ; but see Haderspeck & Hoffmann, 1990) , and insects and other arthropods are often able to forage all year round when conditions are appropriate. Thus, alpine weta and cockroaches in New Zealand have food in their guts throughout the year (Worland et al., 1997 ; Sinclair et al., 1999) , and have been known to move reasonably long distances during mild winters (B. J. Sinclair, unpublished results). Likewise, year-round activity and feeding are known from many Southern Ocean island species (e.g. Delettre & Cancela da Fonseca, 1979 ; Crafford & Scholtz, 1986 ; Davies, 1987 ; Chown & Scholtz, 1989 ; Barendse & Chown, 2001) .
Indeed, if winter thaws and summer freezes are such a pronounced feature of the Southern Hemisphere, little seasonal variation in cold hardiness might be expected (in contrast to substantial seasonal variation in Northern Hemisphere species ; see Zachariassen, 1985 ; Lee & Denlinger, 1991) . This is indeed the case from New Zealand, alpine weta (Ramløv et al., 1992) and cockroaches (Sinclair, 1997) are freeze tolerant all year round, as are subAntarctic Coleoptera from Marion Island (van der Merwe, Chown & Smith, 1997) and South Georgia (Worland, Block & Rothery, 1992) . Similarly, insects from more-or-less aseasonal high-altitude tropical habitats in Hawaii, South America and Africa show a high proportion of freeze tolerance, which presumably must be year-round (Sømme & Zachariassen, 1981 ; Sømme, 1986 ; Duman & Montgomery, 1991) .
VII. PREDICTIONS
If high sub-zero temperatures, reduced seasonal variation, and pronounced inter-annual unpredictability have been important in selecting for moderate freeze tolerance in Southern Hemisphere species, then these conditions should have an effect on species that are constrained either by size or by phylogeny to freeze avoidance. In this regard, several predictions can be made. (1) Freeze-avoiding species should hedge their bets, and irrespective of the season, some individuals should maintain low supercooling points. This is certainly the case in the sub-Antarctic caterpillar Embryonopsis halticella (Klok & Chown, 1998) . Effectively, this represents a seasonal vs. an aseasonal strategy. (2) Freeze-avoiding species should show a rapid (within hours) cold-hardening response, which should also be rapidly reversible. Such a rapid cold-hardening response has recently been demonstrated in several Antarctic microarthropods (Worland & Convey, 2001) , although reversibility has not yet been investigated over short time periods. (3) Cool, aseasonal, unpredictable environments in the Northern Hemisphere, such as those on islands or on continental margins should be inhabited by moderately freeze-tolerant species. For example, in a guild of cetoniid beetles at Fontainbleau, France, 5 of 7 species were freeze tolerant (Vernon, Vannier & Luce, 1996 ; Vernon & Vannier, 2001 ).
VIII. IMPLICATIONS
We have shown that the certainty of severe, sub-zero cold, and the unpredictability of non-frigid freezethaw events are both likely to have selected for freeze tolerance, and that this has taken place in numerous instances. Such a multiplicity of causes is not completely unexpected, given the variation in insect coldhardiness strategies that has been described to date (Salt, 1961 ; Lee et al., 1987 ; Bale, 1996 ; Worland et al., 1998 ; Sinclair, 1999) , but does underscore the idea that the search for a single cause for the origin of freeze tolerance is likely to be fruitless (see also Chown, in press). Our findings also emphasise the differences between the two hemispheres, and particularly the unpredictability of the South vs. the North. Lovegrove (2000) called attention to the consequences of this unpredictable environmental variability for mammal metabolic rates (generally lower in Southern Hemisphere species, and this has subsequently been substantiated in birds ; see McKechnie & Lovegrove, 2001) , and it seems likely that this variability also has a considerable influence on insect physiological traits. From the perspective of insect cold hardiness, this difference in unpredictability has implications at the heart of differences in the diversity of the two hemispheres (see AddoBediako et al., 2000 ; Chown et al., 2002 , for further discussion).
(1) Because of considerable inter-annual and seasonal variability in low temperatures, and a relatively shallow latitudinal gradient in low-temperature extremes in the Southern Hemisphere, and because low temperatures seem more likely to be geographically limiting than high temperatures ( Jenkins & Hofmann, 1999 ; Chown, 2001) , physiological range limitation might be less stringent in the Southern than in the Northern Hemisphere. In consequence, geographic range size gradients of southern ectotherms should be much less steep than those of northern species. There should also be a less pronounced shift in range sizes near the Tropic of Capricorn than at the Tropic of Cancer because the interplay between the geographic and climatic determinants of range size should be less pronounced (see also Gaston & Chown, 1999 b) . Moreover, if ' zonal bleeding ' (the tendency for tropical species to spill over into adjacent extratropical regions ; Chown & Gaston, 2000) is important as a factor leading to the establishment of species-richness gradients (Rosenzweig, 1995 ; Blackburn & Gaston, 1997 ; Chown & Gaston, 2000) , then species-richness gradients should be less steep in the Southern than in the Northern hemisphere. Of course, these predictions might also apply to vertebrates, and indeed in these groups the evidence is suggestive (see Gaston, Blackburn & Spicer, 1998, for review) .
(2) If absolute temperatures are less important in constraining the ranges of Southern than Northern Hemisphere species, and opportunistic utilisation of warm spells is the norm in the former hemisphere, then climate change might be expected to have much less of a direct effect on high-latitude insects in the Southern than in the Northern Hemisphere. Although there is evidence for pronounced recent changes in the geographic ranges of Northern Hemisphere species (e.g. Parmesan et al., 1999) , information for the south is scanty.
For the most part, data with which to test these ideas are largely lacking. As Addo-Bediako et al. (2000) pointed out, coupled data on insect tolerances and distributions are sorely needed. In our view, the most meaningful way of collecting these data would be in a joint North-South effort. This would provide considerable information on whether the climatic differences between the Southern and Northern Hemispheres are at the root of the substantial differences between these hemispheres in physiological and taxonomic diversity that are now becoming apparent (see also Blackburn & Gaston, 1996) .
IX. CONCLUSIONS
(1) Freeze tolerance is a derived character that has evolved independently in at least two terrestrial arthropod, and six insect lineages.
(2) Insects in the Southern Hemisphere whose cold-tolerance strategy has been investigated are predominantly freeze tolerant, whereas in the Northern Hemisphere freeze avoidance dominates. This distinction is not due to the small sample size in the Southern Hemisphere, nor is there any recent publication bias towards reports of new freeze-tolerant species.
(3) Freeze tolerance is expected to be advantageous in very cold, predictable environments (where frozen insects are able to withstand lower temperatures and avoid desiccation), and in highly variable, mild environments (where insects need year-round cold tolerance in the presence of gut ice nucleators).
(4) The oceanic nature of the Southern Hemisphere and Southern Ocean makes the habitats mild, but also highly variable, particularly under the influence of the El Nin4 o Southern Oscillation. Unpredictable winters and summers result in a reduced seasonality among insects and consequently in their cold-hardiness strategies. This is in contrast to the highly seasonal, programmed life cycles and coldhardiness strategies seen in insects in Northern continental climes.
(5) Freeze tolerance has apparently evolved in parallel in the two hemispheres : in the Southern Hemisphere, to allow insects to survive summer cold snaps and take advantage of mild winters, and in the Northern Hemisphere to allow insects to survive long, very cold winters. This contributes to growing evidence of fundamental hemispheric differences in macroecological processes, however, the current paucity of data from the Southern Hemisphere hampers further understanding of these differences.
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